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Structure of DNMT1-DNA Complex

Reveals a Role for Autoinhibition in
Maintenance DNA Methylation

Jikui Song,* Olga Rechkoblit,* Timothy H. Bestor,? Dinshaw ]. Patel*

Maintenance of genomic methylation patterns is mediated primarily by DNA methyltransferase-1 (DNMT1).
We have solved structures of mouse and human DNMT1 composed of CXXC, tandem bromo-adjacent
homology (BAH1/2), and methyltransferase domains bound to DNA-containing unmethylated CpG sites.
The CXXC specifically binds to unmethylated CpG dinucleotide and positions the CXXC—BAH1 linker
between the DNA and the active site of DNMT1, preventing de novo methylation. In addition, a loop
projecting from BAH2 interacts with the target recognition domain (TRD) of the methyltransferase,
stabilizing the TRD in a retracted position and preventing it from inserting into the DNA major groove. Our
studies identify an autoinhibitory mechanism, in which unmethylated CpG dinucleotides are occluded
from the active site to ensure that only hemimethylated CpG dinucleotides undergo methylation.

aintenance of genomic methylation pat-
Mterns in mammals (/-3) is required for
monoallelic expression of imprinted
genes (4), for the transcriptional silencing of

retrotransposons (3, 6), and for X chromosome
inactivation in females (7). The eukaryotic main-

tenance DNA methyltransferase DNMT1 is a
multimodular protein composed of a replication
foci-targeting domain (RFD), a DNA-binding
CXXC domain, a pair of bromo-adjacent homol-
ogy (BAH) domains, and a C-terminal catalytic
domain (Fig. 1A). We solved the structures of

Autoinhibitory

mouse DNMT1(650-1602) and human DNMT1
(646-1600) bound to duplex DNA—containing
unmethylated CG sites. Our structural studies re-
veal a role for autoinhibition in maintenance DNA
methylation, by which occlusion of unmethylated
CpG dinucleotides from de novo methylation
ensures that only hemimethylated CpG dinucleo-
tides gain access to the active site.

Structures of mouse and human DNMT1-DNA
complexes. The crystal structure of an enzymat-
ically active mouse DNMT1 (mDNMT1; residues
650 to 1602) in complex with S-adenosyl homo-
cysteine (AdoHcy) and a 19-base pair (bp) DNA
duplex was solved at 3.0 A resolution (table SI).
The DNA contained two unmethylated CpG dinu-
cleotides separated by 8 bp. We can trace the
CXXC domain (Fig. 1B, red), both BAH1 (Fig. 1B,
light purple) and BAH2 (Fig. 1B, orange) domains,
and the C-terminal catalytic methyltransferase do-
main (Fig. 1B, light blue), as well as all 19-bp of the
bound DNA (Fig. 1B, light brown) (Fig. 1B and
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Fig. 1. Structural overview of mDNMT1(650-1602)-DNA 19-nucleotide
oligomer complex with bound AdoHcy. (A) Color-coded domain architecture
and numbering of mMDNMT1 sequence. The thin vertical light blue bars in-
dicate binding positions of zinc ions. (B) Ribbon representation of the complex
in two orthogonal views. The CXXC, BAH1, BAH2, and methyltransferase
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domain are colored in red, light purple, orange and light blue, and DNA and
zinc ions are colored in light brown and dark purple, respectively; CXXC-BAH1
linker in dark blue, BAH1-BAH2 linker in silver, (GK),-containing BAH2-
methyltransferase linker in black, and bound AdoHcy as in space-filling
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fig. S1). The CXXC and BAH1 domains are at op-
posite ends of the methyltransferase domain and
are connected by a long linker segment (CXXC—
BAH] linker) (Fig. 1B, blue, and fig. S2). The BAH1
and BAH2 domains are separated by an o-helical
linker (Fig. 1B, silver), with both BAH domains
positioned on the surface remote from the bound
DNA. The (GK), linker segment that connects
the BAH2 domain to the catalytic domain is dis-
ordered in the complex and is shown by a dashed
line in Fig. 1B. The catalytic domain forms the core
of the complex and contacts both BAH domains
and the DNA. A molecule of AdoHcy (Fig. 1B) is
positioned in the active site of the catalytic domain.
We observed four Zn** cations (Fig. 1B, purple
balls) in the structure of the complex, two in Cysy-
coordination within the CXXC domain, whereas
two others involve coordination of single Zn ions
in Cys;His-coordination in BAH1 and in the target
recognition domain (TRD) (8) of the methyltrans-
ferase. The bound 19-bp DNA adopts an almost
ideal B-form duplex in the complex (fig. S3). The

A

2.5 A structure of mMDNMT1(731-1602) lacking
the CXXC domain and the CXXC-BAH1 linker
in the free state (figs. S4 and S5 and table S1) is very
similar to the structure of the mDNMT1(650—
1602) DNA complex [Co. root mean square devia-
tion (RMSD) of 1.0 A over 814 aligned residues]
and confirms the domain structure and relative ori-
entations of BAH1, BAH2, and the catalytic domain.
No structure has yet been reported for DNMT1
constructs bound to hemimethylated DNA.
Mouse DNMT1 and human DNMTI1
(hDNMT1) exhibit 85% sequence identity (fig.
S6). We have also solved the crystal structure of
hDNMT1(646-1600) bound to the same 19-bp
DNA and AdoHcy at 3.6 A resolution (figs. S7 to
S9 and table S2). The structures of the mouse and
human proteins are very similar, with a Coo RMSD
of 1.1 A over 877 aligned residues, which is sug-
gestive of a common mechanism of action. How-
ever, the methyltransferase domain is repositioned
relative to the CXXC domain and DNA by a 1-bp
translation along the DNA axis. Such differences

c15’

Fig. 2. Intermolecular contacts between CXXC domain of mDNMT1(650—1602) and DNA 19-nucleotide
oligomer. (A) Ribbon representation of the CXXC domain bound to DNA. The CpG step is rendered in
yellow. (B) Surface electrostatic representation of the CXXC domain bound to DNA. (C) Schematic view of
intermolecular interactions involving the CXXC domain in the mDNMT1-DNA 19-nucleotide oligomer
complex (boxed red rectangle), with intermolecular contacts shown by red arrows. The residue labels are
colored according to their respective domains in Fig. 1. (D) Hydrogen-bonding interactions between side
chains from the CXXC domain and the guanine base edges of the CpG step in the DNA major groove. The
nitrogen, oxygen, and phosphorous atoms are shown in dark blue, red, and yellow, respectively. The bases
of the CpG dinucleotide from one strand are shaded. (E) Hydrogen-bonding interactions between
backbone carbonyl oxygens from the CXXC domain and cytosine amino groups of the CpG step in the DNA
major groove. (F) Hydrogen-bonding interactions between arginine side chains of the CXXC domain and
the phosphodiester backbone of the DNA along the DNA minor groove. (G) Potential steric clashes between
methylated cytosine modeled on either strand of the CpG step and the CXXC domain of DNMT1 in the structure
of the complex. Van der Waals radii are rendered in red for DNMT1 and gray for modeled methylated cytosine.
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probably arise from the flexibility of the CXXC-
BAHI linker and could also be due to the different
packing environment between the two complexes.

CXXC domain binds unmethylated CpG dinu-
cleotides. The CXXC domain of mDNMT 1 adopts
a crescent-like fold similar to that adopted by the
MLL1 CXXC domain (9, 10). Two short helical
segments position eight Cys residues in two clus-
ters for coordination of a pair of embedded Zn*"
cations (fig. S10, A and B). All sequence-specific
contacts with DNA are made via the CXXC domain
in the DNMT1-DNA complex. The CXXC do-
main targets both the major and minor grooves of
the DNA over a CpG-containing 4-bp footprint.
A loop segment (Arg®*-Ser®®-Lys®*-GIn®*") from
the CXXC domain penetrates into the major groove
(Fig. 2, A and B) and forms base-specific and
phosphodiester intermolecular interactions (Fig.
2C), which is reminiscent of the MLL1 CXXC
domain interaction with DNA (9, 10).

The guanine bases in the CpG dinucleotide
are recognized by side-chain interactions involv-
ing Lys®®® and GIn®®" of the CXXC domain (Fig.
2D), whereas the cytosine bases in the CpG di-
nucleotide are recognized by backbone interac-
tions involving Ser®™ and Lys®*® of the CXXC
domain (Fig. 2E). DNA recognition is further an-
chored by salt bridges between arginine side chains
of the CXXC domain and the phosphodiester back-
bone of the DNA [Fig. 2F and supporting online
material (SOM) text] (/7). The CXXC domain has
been reported to specifically bind unmethylated
CpG dinucleotides (9, /2—14). Our structural data
confirms this conclusion: Methylation of either
cytosine in the CpG step would create severe
steric clashes with peptide atoms (Fig. 2G).

Methyltransferase domain. The methyltrans-
ferase domain of mMDNMT1 adopts a class I methyl-
transferase fold (8) and folds into two subdomains,
designated the catalytic core and the TRD (fig.
S11A), which are separated by a large cleft that in
the M.Hhal-DNA complex is occupied by DNA.
The catalytic core of DNMT1 is dominated by a
mixed seven-stranded B-sheet that is flanked by
three a-helices on either side (Fig. 1A and fig.
S11B). At one end, this central B-sheet is further
joined by a two-stranded anti-parallel B-sheet from
the BAH1 domain (fig. S12C). The TRD subdo-
main is inserted between the central B-sheet and
the last three o-helices of the catalytic core. The
majority of the TRD folds into an independent
structural unit and is stabilized in part by a Cys;His-
coordinated Zn>" jon (figs. $10D and S11C). In
addition, a hairpin-like fold at the start of the
TRD forms hydrophobic contacts with the cata-
lytic core and the BAH1 domain (fig. S11D). We
observed intermolecular contacts between amino
acid side chains (primarily arginine) of the cata-
lytic core, and phosphate groups flanking the
(C4pG5)«(C5'pG4') segment of the unmethylated
DNA duplex in the complex (Fig. 2C; fig. S13,
A to E; and SOM text).

Comparison of mDNMT1-DNA and M.Hhal-
DNA complexes. We have compared the structure
of the mDNMT1(650-1602)-DNA 19-nucleotide

25 FEBRUARY 2011

Downloaded from www.sciencemag.org on April 28, 2011

1037


http://www.sciencemag.org/

I RESEARCH ARTICLE

1038

Autoinhibitory
linker occludes =
catalytic site

 BAH2-TRD
loop

w

DUU>MMUOOS

CXXC-BAH1
linker

BAH2 loop
restrains TRD in
retracted position

Fig. 3. Comparison of mDNMT1 with M.Hhal in their DNA-bound complexes.
(A) The crystal structure of the mDNMT1(650—1602)-DNA 19-nucleotide
oligomer complex. The CXXC, BAH1, and BAH2 domains and CXXC-BAH1 linker
of mDNMT1 have been removed for clarity. The bound DNA is in light brown,
with the TRD and catalytic core in light and dark blue, respectively. (B) The
crystal structure of the M.Hhal-DNA complex [PDB: 1MHT (8)]. The bound DNA
is in light purple, with the TRD and catalytic core in pale and dark green,
respectively. (C) Structural comparison of mDNMT1(650—-1602)-DNA 19-
nucleotide oligomer complex and M.Hhal-DNA complex in a stereo view
looking down the DNA helix axis, after superposition of their methyltransferase

domains. AdoHcy is shown in space-filling view. The everted cytosine in the
M.Hhal complex is shown in ball-and-stick view in dark purple. (D) Electro-
static surface representation of mDNMT1 CXXC domain and the CXXC-BAH1
linker in the context of the structure of the mDNMT1(650—1602)—DNA 19-
nucleotide oligomer complex. The BAH2-TRD loop is highlighted with thicker
lines. (E) The proposed model for autoinhibitory mechanism in maintenance
DNA methylation. In the autoinhibitory state, the CXXC domain and the auto-
inhibitory linker (in red) occlude the active site. In addition, the BAH2-TRD
loop (in red) restrains the TRD in a retracted position so that it does not
interact with CpG sites on the DNA.

oligomer complex (Fig. 3A, TRD and catalytic
core only) with the published structure (/5) of the
M.Hhal-DNA complex (Fig. 3B). An overlay of
these two complexes is shown in stereo in Fig.
3C, after superposition of the catalytic cores of
their methyltransferase domains (Co RMSD =
2.0 A over 218 aligned residues). Five (I, VI, VIII,
IX, and X) out of six conserved sequence motifs
of mMDNMT1 adopt conformations very similar to
those of their counterparts in M.Hhal (fig. S14, A
and C to F). Motif IV, which is part of the catalytic
loop and contains the catalytic Cys residue, in
contrast adopts different conformations in the
two complexes (fig. S14B).

With respect to the methyltransferase domains,
the bound DNAs in M.Hhal and mDNMTI

25 FEBRUARY 2011

complexes align in the same orientation along
the DNA axis, but the unmethylated DNA (Fig.
3, light brown) in the mDNMT1 complex is dis-
placed laterally (by the width of a DNA duplex)
so that it is positioned further away from the
active site (Fig. 3, A and C). In the M.Hhal
complex, the DNA (Fig. 3, light purple) is em-
bedded within the cleft formed by the catalytic
core and the TRD domain, with the target cy-
tosine inserted into the active site (Fig. 3, Band C,
and fig. S15A). The DNA in the structure of the
mDNMT1 complex (Fig. 3, light brown) is an-
chored by the CXXC domain in a position that is
distant from the active site of DNMTT1 (fig. S15B).
The exclusion of the unmethylated DNA from
the active site is the result of an autoinhibitory

VOL 331

CXXC-BAHI linker, which contains a highly
acidic segment spanning residues D703 to D711
and is positioned directly between the DNA and
the active site (Fig. 3D; the CXXC domain
and the CXXC-BAHI1 linker are presented in an
electrostatic surface representation) (/6).

The mDNMT1 and M.Hhal TRD subdo-
mains have little sequence similarity (fig. S11A)
and exhibit the greatest structural divergence.
They both contain a common 8—amino acid DNA
recognition loop, whereas a second 8—amino acid
DNA recognition loop in M.Hhal is replaced by
a longer 73—amino acid loop in mDNMT]1 (fig.
S16, A and B). In our structure of the mDNMT1-
DNA complex, the TRD subdomain is held in a
retracted position away from the DNA through
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Fig. 4. Efficiency of unmethylated and hemimethylated DNA m5C-methylation by mouse wild-type and mutant
DNMT1 proteins. (A) Domain structures of mouse DNMT1 proteins used for activity assay. The Lys®®®Ala/GIn°®"Ala
and Cys'?2%Ser mutations are shown as yellow bars. (B) Sequence of 14-nucleotide oligomer DNA duplex used for
enzymatic assay. (C) Enzyme kinetics on de novo and maintenance methylation of DNMT1 mutants after removal
or mutation of CXXC domain. Rates of *H-CH in nMol per hour transferred to unmethylated and hemimethylated
DNA duplexes by 1 nM of mDNMT1(650-1602) wild-type, Lys®®Ala/GIn®*’Ala and Cys'?*’Ser mutants and
mDNMT1(717—1602) proteins were plotted as a function of CpG site concentration; the steady-state Michaelis-
Menten parameters that were estimated from these plots are listed in table S3. Each reaction point was repeated

in triplicate; mean and SD values are shown.

interaction with the BAH2-TRD loop (Figs. 1B
and 3D and fig. S12, A and B).

BAH domains. The BAHI and BAH2 do-
mains of mMDNMT1 are connected by an a-helix
and are arranged in a dumbbell configuration
(Fig. 1B, right). Despite low sequence conserva-
tion (fig. S17A), both BAH domains adopt a
common fold (fig. S17, B to D) that is similar to
the Orclp BAH domain (fig. S17E) (17, 18). In
addition, a Cys;His-coordinated Zn>" anchors the
BAHI domain to the linker a-helix (fig. S10C).

Both BAH domains are physically associated
with the methyltransferase domain (Fig. 1B and
fig. S12). In the BAH2 domain, a long loop (BAH2-
TRD loop) (Fig. 1B and figs. S12A and S18) projects
upward and is anchored near its tip to the TRD of
the methyltransferase domain (Fig. 3D and fig.
S12A). This interaction is predicted to prevent the
interaction of the TRD with DNA (Fig. 1B and fig.
S12, A and B). BAH1 and BAH2 domains present
a large accessible surface area that is peripheral to
the catalytic domain (Fig. 1B) and could serve as
a platform for interactions with other proteins.

Enzymatic activities of wild-type, truncated,
and mutant DNMT1. We have used enzymatic
methylation assays on full-length, truncated, and
mutant DNMT1 (Fig. 4 and fig. S19) to test
predictions derived from the structural data. We
have used a 14-nucleotide oligomer DNA duplex
that contains a single CpG dinucleotide in the
hemimethylated or unmethylated state (Fig. 4B).

www.sciencemag.org SCIENCE VOL 331

Enzymatic assays have been done on truncated
mDNMTT1 (Fig. 4C), truncated hDNMT1, com-
mercially purchased full-length hDNMT1 (fig.
S19), and on both unmethylated and hemimethyl-
ated 14-nucleotide oligomer DNA substrates, with
the steady-state Michaelis-Menten kinetic param-
eters listed in table S3.

We found that the initial rate k., for un-
methylated and hemimethylated substrate was
0.25£0.04 and 18 £ 2 hour’l, respectively, for
full-length (1-1616) hDNMT1 (fig. S19 and
table S3). The values for truncated (646—1600)
hDNMT1 were 0.18 + 0.02 and 12 + 1 hour .
These data confirm that the activities and pref-
erence for hemimethylated substrates were com-
parable for the full-length and truncated proteins.

The cocrystal structure of mDNMT1-DNA com-
plex showed that the CXXC domain and CXXC-
BAHI linker occlude DNA from the active site.
We tested mDNMT1 proteins composed of amino
acids 717-1602 (CXXC domain and a segment of
the CXXC-BAHI linker deleted) and found that
kear on unmethylated substrates increased from
0.60 % 0.03 hour™" for the 650-1602 protein to 3.3 +
0.2 hour™ for 717-1602 (Fig. 4C, left, and table
S3). In contrast, there is a modest drop in k., on
hemimethylated 14-nucleotide oligomer DNA on
proceeding from 650-1602 (ke = 45 * 6 hour ')
10 717-1602 (ke =36 % 3 hour ")y mDNMT1 (Fig.
4C, right, and table S3). Thus, the relative prefer-
ence for hemimethylated over unmethylated 14-

RESEARCH ARTICLE I

nucleotide oligomer DNA drops sevenfold on pro-
ceeding from mDNMT1 construct 650-1602,
to 717-1602 (table S3).

In addition, residues that contact guanosine
bases within the CpG site were mutated to abol-
ish these contacts (IMDNMT1 650-1602, K686A/
Q687A double mutant), which was confirmed by
gel shift assay (fig. S20). This mutant protein also
showed a related increase in ke (2.1 £ 0.2 hour ')
on unmethylated substrates and a modest decrease
in ke (22 + 2 hour ') on hemimethylated subtrates
(Fig. 4C and table S3)—thus, the preference for
hemimethylated over unmethylated 14-nucelotide
oligomer DNA drops sixfold for mDNMT1(650—
1602) on proceeding from wild-type to the CXXC-
containing dual mutant (table S3).

These data (a more detailed analysis of the
kinetic data are outlined in the SOM text) show
that either removal or mutagenesis of the CXXC
domain and CXXC-BAHI linker increases the
catalytic activity of mDNMT1 specifically on un-
methylated substrates (Fig. 4, A and C), as predicted
from the structure of the mDNMT1-DNA cocrys-
tal. There are additional mechanisms that increase
the fidelity of maintenance methylation: Removal/
mutation of the CXXC domain yields a six- to
sevenfold increase in the rate of de novo methyla-
tion, but the truncated protein still retains a pref-
erence for hemimethylated DNA (Fig. 4B).

Autoinhibition in maintenance DNA methyl-
ation. Our findings allow us to propose a mech-
anism for autoinhibitory regulation of DNMT1 at
unmethylated CpG sites on DNA: Unmethylated
DNA is excluded from the active site of mDNMT]1
by the binding of the CXXC domain, whereas
the presence of the acidic autoinhibitory CXXC-
BAHLI linker positioned directly between the DNA
and the active site prevents entrance of DNA into
the catalytic pocket (Fig. 3D). Further, the BAH2-
TRD loop anchors the TRD (Fig. 3D) in a retracted
position (Fig. 3A) and prevents it from binding in
the DNA major groove.

Maintenance methylation is tightly coupled to
DNA replication (19). We propose that unmethyl-
ated CpG sites are protected from de novo meth-
ylation through binding by the CXXC domain as
CpG dinucleotides emerge from the replication
complex. This increases the efficiency of mainte-
nance methylation through inhibition of de novo
methylation.
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The Formation and Fragmentation of
Disks Around Primordial Protostars

Paul C. Clark,™* Simon C. O. Glover,® Rowan ]. Smith,® Thomas H. Greif,?

Ralf S. Klessen,’* Volker Bromm*

The very first stars to form in the universe heralded an end to the cosmic dark ages and introduced
new physical processes that shaped early cosmic evolution. Until now, it was thought that these
stars lived short, solitary lives, with only one extremely massive star, or possibly a very wide
binary system, forming in each dark-matter minihalo. Here we describe numerical simulations
that show that these stars were, to the contrary, often members of tight multiple systems. Our
results show that the disks that formed around the first young stars were unstable to gravitational
fragmentation, possibly producing small binary and higher-order systems that had separations
as small as the distance between Earth and the Sun.

first stars in the universe, often termed

Population III (Pop III), have been well
studied (/—-3), with current numerical simulations
evolving the collapsing gas from cosmological to
protostellar densities (4, 5). Much of the dynam-
ical evolution of the gas during this phase is
controlled by the formation of molecular hydro-
gen, the main coolant of the gas as it is dragged
into the collapsing dark-matter minihalos. The
amount of H, formed sets the minimum gas
temperature in the minihalos at around 200 to
300 K, resulting in the first self-gravitating
baryonic cores—the initial conditions for primor-
dial star formation—having masses of around
1000 times that of the Sun (M).

Until recently, it was assumed that each of
these cores formed just a single star, because no
fragmentation was seen in the simulations during
the formation of the first protostar. As a result,
attempts to estimate the final mass of the pri-
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mordial stars have concentrated on balancing the
inward accretion of gas from the collapsing core
with the radiative feedback from the young proto-
star, with various calculations predicting a final
mass in the range of 30 to 300 M, (1, 5-7).

It has been shown (8) that it is possible for the
collapsing baryons to break into two distinct
parts, each evolving independently to form its
own star, thereby limiting the mass reservoir
available for each component. The fragmentation
of the gas arises from the chaotic turbulent flows
that feed the inner regions of the star-forming
minihalos. Numerical simulations suggest that
this may occur in about one-fifth of all cases of
primordial star formation (8). However, this
figure is a lower limit, because the simulations
were unable to follow the evolution of the gas
beyond the formation of the initial protostar or
binary system. A different study that followed the
evolution of the gas at later times (9) has shown
that it settles into a disk with a radius of around
1000 astronomical units (AU ), which is unstable
to gravitational fragmentation. However, the
limited mass resolution of this study, and the fact
that it did not include the effects of the radiative
feedback from the newborn stars, rendered its
results inconclusive.

Here we present the results of a high-resolution
numerical simulation that captures the forma-
tion of the primordial protostar/disk system from
cosmological initial conditions down to scales as

VOL 331

small as 1.5 AU and that includes the effects of
the accretion luminosity heating as the disk
builds up around the young protostar. We started
by identifying the first dark-matter minihalo to con-
tain cooling, gravitationally collapsing gas from a
simulation of a representative cosmological volume
(10). We then re-zoomed the calculation using a
technique called “particle splitting” [used else-
where in studies of primordial star formation, such
as (9)], and we focused our attention only on the
collapsing gas at the center of the minihalo,
ignoring the larger-scale evolution of the mini-
halo and its surroundings [see (/0) for details].

During this second stage of the simulation,
the gas collapsed to very high densities. Normal-
ly, numerical simulations of this kind stop once
the gas density exceeds around 10'* cm >, be-
cause the computational cost of evolving the
entire system beyond this point becomes prohib-
itively expensive. However, in our simulations,
we replaced very high-density collapsing re-
gions with accreting “sink” particles (/0), each of
which represents an individual protostar. We then
used the measured accretion rate onto the sink
particles to calculate the luminosity produced by
the mass as it fell onto the young protostar. This
energy was then deposited into the surrounding gas
under the assumption that the gas is optically thin,
thus providing a conservative overestimate of the
heating from the protostar [see (/0) for details].

Before the formation of the first protostar, the
results of our simulation were very similar to those
presented elsewhere in the literature (/, 5, §).
However, the use of sink particles allows us to
follow the evolution of the gas past the point at
which the first protostar forms and hence to
simulate the buildup of an accretion disk around
the protostar (Fig. 1).

After around 90 years, the disk had nearly
doubled in size. For the first 60 years, the struc-
ture of the disk was dominated by a strong two-arm
spiral pattern, a feature common to simulations of
present-day star formation (/7). Spiral structures
of this kind are a signature of self-gravitating
disks, in which gravitational torque provides the
main source of angular momentum transport.
Although the spiral pattern started out fairly
symmetric, it quickly developed nonaxisymmet-
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